Platelet-Activating Factor Acetylhydrolase Expression and Activity Suggest a Link between Neuronal Migration and Platelet-Activating Factor  by Albrecht, Urs et al.
DEVELOPMENTAL BIOLOGY 180, 579±593 (1996)
ARTICLE NO. 0330
Platelet-Activating Factor Acetylhydrolase
Expression and Activity Suggest a Link between
Neuronal Migration and Platelet-Activating Factor
Urs Albrecht,* Radwan Abu-Issa,*,² Beate RaÈtz,* Mitsuharu Hattori,³
Junken Aoki,³ Hiroyuki Arai,³ Keizo Inoue,³ and Gregor Eichele*,²
*Department of Biochemistry, Baylor College of Medicine, Houston, Texas 77030;
²Developmental Biology Program, Baylor College of Medicine, Houston, Texas 77030; and
³Department of Health Chemistry, Faculty of Pharmaceutical Sciences,
University of Tokyo, Tokyo 113, Japan
A hemizygous deletion of LIS1, the gene encoding aLis1 protein, causes Miller±Dieker syndrome (MDS). MDS is a develop-
mental disorder characterized by neuronal migration defects resulting in a disorganization of the cerebral and cerebellar
cortices. aLis1 binds to two other proteins (b and g) to form a heterotrimeric cytosolic enzyme which hydrolyzes platelet-
activating factor (PAF). The existence of heterotrimers is implicated from copuri®cation and crosslinking studies carried
out in vitro. To determine whether such a heterotrimeric complex could be present in tissues, we have investigated whether
the aLis1, b, and g genes are coexpressed in the developing and adult brain. We have isolated murine cDNAs and show by
in situ hybridization that in developing brain tissues aLis1, b, and g genes are coexpressed. This suggests that aLis1, b, and
g gene products form heterotrimers in developing neuronal tissues. In the adult brain, aLis1 and b mRNAs continue to be
coexpressed at high levels while g gene expression is greatly diminished. This reduction in g transcript levels is likely to
result in a decline of the cellular concentration of aLis1, b, and g heterotrimers. The developmental expression pattern of
aLis1, b, and g genes is consistent with the neuronal migration defects seen in MDS; regions containing migrating neurons
such as the developing cerebral and cerebellar cortices express these genes at a particularly high level. Furthermore, we
uncovered a correlation between g gene expression, granule cell migration, and PAF hydrolytic activity in the cerebellum.
In this tissue g gene expression and PAF hydrolysis peaked at Postnatal Days P5 and P15, a period during which neuronal
migration in the cerebellum is most extensive. Mechanisms by which PAF could affect neuronal migration are discussed.
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INTRODUCTION In MDS patients, layers II and IV of the cerebral cortex
are missing, and numerous neurons are found between
The molecular mechanisms underlying neuronal mi- the ventricle and the cortex. This migrational defect is
gration are widely investigated. An effective strategy to inferred to occur at about the 11±15th week of gestation
study neuronal migration is to characterize mutants in (Stewart et al., 1975; Barth, 1987). The cerebellum of
which this process is abnormal (Rakic and Caviness, MDS patients lacks the external granular layer (EGL) and
1995), such as Miller± Dieker syndrome (MDS) in hu- the number of granule cells in the internal granular layer
mans (Miller, 1963; Dieker et al., 1969; Stewart et al., (IGL) is substantially reduced (Stewart et al., 1975). LIS1
1975) and reeler in mice (D'Arcangelo et al., 1995; Ogawa (from lissencephaly), a gene associated with MDS, has
et al., 1995). MDS, a form of lissencephaly, is character- been isolated, and the encoded protein (referred here as
ized by widespread agyria of the brain, extensive hetero- aLis1) contains eight WD-40 repeats (Reiner et al., 1993).
topia (misplaced neurons) in the cerebral wall, craniofa- Such repeats are present in numerous polypeptides that
cial abnormalities, and hemizygous microdeletions in a participate in protein complexes such as b-transducin, a
350-kb region on the short arm of chromosome 17 (Do- subunit of heterotrimeric G-proteins (Reiner et al., 1993;
for review see Neer et al., 1994). It is proposed that thebyns, 1987; Dobyns et al., 1993; Ledbetter et al., 1992).
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FIG. 1. Predicted amino acid sequences for mouse b (A) and g (B) subunits and comparison with bovine and human sequences. Dots
indicate identity, and dashes represent gaps. The arrows in A and B indicate the catalytic serine residues.
WD-40 repeat-containing subunits in such complexes as a heterotrimeric complex consisting of aLis1 and two
other polypeptides referred to as b and g subunits (Hat-have regulatory functions (Neer et al., 1994). Immunohis-
tochemical studies of brain and spinal cord demonstrate tori et al., 1994a,b, 1995). PAF-AH catalyzes the removal
of the acetyl group at the sn-2 position of platelet activat-loss of aLis1 immunoreactivity in individuals with MDS
(Mizuguchi et al., 1995). ing factor (PAF, 1-O-alkyl-2-acetyl-sn-glycero-3-phos-
phocholine) and produces biologically inactive lyso-PAF.Recently, cytosolic platelet-activating factor acetylhy-
drolase (PAF-AH) isoform Ib was puri®ed from bovine PAF-AH thus contributes in a critical way to the regula-
tion of the concentration of PAF in the cell (Demopoulosbrain (Hattori et al., 1994a,b, 1995). This activity puri®es
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for PCR ampli®cation using a Perkin±Elmer Gen-Amp PCR 9600et al., 1979; Hanahan et al., 1980). The catalytic activity
system. A typical reaction contained 1±4 ml of cDNA, 0.4 mMof PAF-AH resides in the b and g subunits (Hattori et
dNTPs (Boehringer), 1 mM magnesium chloride (Perkin±Elmer,al., 1994a,b, 1995; this study) and aLis1 may serve as a
Norwalk, CT), 0.1 mM each primer, and 2.5 U AmpliTaq (Perkin±regulatory subunit. PAF is involved in many physiologic
Elmer). Primers were designed based on human and bovine se-and pathologic processes (Stewart, 1994), but little is
quences for the b and g subunits of PAF-AH (Hattori et al., 1994b;
known about its role in the brain. Rat cerebellar granular Adachi et al., 1995):
cells and human fetal brain cells synthesize PAF (Sogos
(b) forward: 5*-CCAGCAGCC/TATTCCA/GCATGCAGC-3*,et al., 1990; Yue et al., 1990) and a PAF receptor is ex-
pressed in the brain (Bito et al., 1992; Mori et al., 1996). (b) reverse: 5*-CA/GAGCTTCGGCAGG/CGAA/GACCTT-3*;
In neuronal-like PC12 and NG108-15 cells, PAF can ac-
(g) forward: 5*-CAAGATGAGTGAGAG/CGAGAACCC-3*,celerate differentiation and increases the intracellular
calcium concentration (Kornecki and Ehrlich, 1988) sug- (g) reverse: 5*-GTGGCCG/AGCCAGTGCT/CGCCCG-3*.
gesting a yet unknown role of PAF in neuronal develop-
Thirty-®ve PCR cycles were performed (947C for 30 sec; 557C forment and function. PAF also affects long-term potentia-
1 min; 727C for 30 sec) and the 481- and 506-nucleotide-longtion (Clark et al., 1992; Kato et al., 1994).
PCR products for the b and g subunits, respectively, were clonedA cDNA encoding aLis1 has been isolated from the
into a Bluescript KS vector (Stratagene, La Jolla, CA) which was
mouse (Peterfy et al., 1994; Reiner et al., 1995) and in T-tailed according to Marchuk et al. (1990). Inserts were released,
situ hybridization analysis has shown that aLis1 mRNA radiolabeled, and used to screen a commercial Uni-ZAP XR Balb
is found in the ventricular and intermediate zones, the C neonatal mouse brain cDNA library (Stratagene). pfu (1 1 106)
cortical plate, and the EGL and IGL, brain structures that were plated from this library which had a titer of 1 1 1010 pfu/
contain migrating neurons (Reiner et al., 1995). This ex- ml. Filter lifts were hybridized at 427C overnight and washed
at room temperature with 21 SSC, 0.1% SDS for 30 min andpression pattern in combination with the phenotypic
subsequently with 11 SSC, 0.1% SDS at 677C for 30 min. Second-changes in MDS supports a role of the LIS1 gene in neu-
ary and tertiary screens were performed to isolate single positiveronal migration (Reiner et al., 1995). While biochemical
plaques. Single clones containing pBluescript phagemids werestudies provide evidence for an interaction between aLis1,
subjected to in vivo excision using the EXASSIST/SOLR system
b, and g proteins (Hattori et al., 1994a, 1995), it remains
(Stratagene) to obtain Bluescript plasmids. cDNAs were se-
to be demonstrated that the genes encoding aLis1, b, and quenced by the dideoxy nucleotide chain termination method
g protein are expressed in the same regions. Here we show using the Sequenase kit (USB, Cleveland, OH). Sequence data
that aLis1, b, and g transcripts are colocalized in several were analyzed with the University of Wisconsin Genetics Com-
regions of the developing and adult brain. These regions puter Group software (release 7) and were deposited (GenBank
include the developing cerebral cortex and the developing accession numbers are U57746 and U57747).
cerebellum, two tissues affected in MDS. In the cerebel-
lum, we detected expression of aLis1, b, and g transcripts
Northern Blottingin the EGL, the molecular layer, and the IGL at the time
when granule cells and Purkinje cells migrate. PAF-AH Northern analyses of postnatal cerebellum were carried out
activity in cerebellar tissue is high during that time and according to standard protocols (Sambrook et al., 1989) using
then declines as granule cell migration in the cerebellum RNAzol and Oligotex resin (Qiagen, Chatsworth, CA) to isolate
ceases. Simultaneous with the reduction in PAF-AH ac- mRNA. Poly(A)/ RNA (2 mg) was electrophoresed on a for-
mamide/0.7% agarose gel and transferred to a Hybond-N mem-tivity, the expression of the g gene ceases. Thus, in the
brane (Amersham, Arlington Heights, IL). The membrane wascerebellum there is a direct correlation between neuronal
hybridized with PCR probes speci®c for the coding region formigration and PAF catabolism, suggesting a link between
the b and g subunits, respectively. The probes correspond tocellular PAF concentration and neuronal migration.
nucleotides 128±609 of the b cDNA (U57747) and 126±632 of
the g cDNA (U57746). A probe speci®c for the 3* untranslated
region for aLis1 was used (``Lis1*' in Reiner et al., 1995). Probes
MATERIALS AND METHODS were labeled with [32P]dCTP to a speci®c activity of 108 cpm/mg
using the multiprime labeling kit (Pharmacia, Piscataway, NJ)
and were hybridized using QuickHyb solution (Stratagene) con-cDNA Cloning and Sequencing
taining 100 mg/ml salmon sperm DNA. The membrane was
To generate cDNA, total RNA isolated from adult mouse brain washed at 607C in 0.11 SSC and 0.1% SDS. To demonstrate
using RNAzol (Tel-Test, Friendswood, TX) was reverse transcribed. equal sample loading the membrane was rehybridized with a
A typical reaction was performed in a volume of 40 ml containing glyceraldehyde-3-phosphate dehydrogenase probe.
5 mg of total RNA, 4 mg of oligo(dT)15, 10 mM DTT, reverse-tran-
scriptase buffer (BRL, Gaithersburg, MD), 0.5 mM dNTPs, 40 U
RNAse-Inhibitor (Boehringer, Indianapolis, IN), and 400 U of Super- RNA in Situ Hybridization
script II reverse transcriptase (BRL). Incubation time was 90 min
at 377C. Embryo collection, sectioning, and in situ hybridization were per-
formed as described (Sundin et al., 1990; Albrecht et al., 1997). Anti-Different amounts of cDNA were used in a volume of 50 ml
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FIG. 2. Expression of the genes encoding aLis1, b, and g subunits in headfold-stage embryos. A to C show Hoechst-stained sagital sections
that reveal the cell nuclei, and D to F show the silver grains representing gene expression. Expression of aLis1 (D), b (E), and g (F) can be
detected in the embryonic ectoderm (ee), the mesoderm (m), the allantois (al), the amnion (a), and the chorion (ch). (A, C) E7.25, (B) E7.5.
Scale bar, 500 mm.
sense and sense riboprobes corresponding to nucleotides 1±528 of (aLis1) or 20 mg/ml (b/g) RNase A in 41 SSC, 20 mM Tris±HCl (pH
7.6), 1 mM EDTA at 377C for 30 min; and (3) one wash in FSM atthe b cDNA and 315±872 of the g cDNA were synthesized with
T7 or T3 RNA polymerase in the presence of [a-35S]UTP (1000 Ci/ 63.5 or 64.57C for 30 min. Slides were dipped in Kodak NTB-2 emul-
sion and exposed for 4 to 10 days. Tissue was visualized either bymmol, Amersham). Hybridization was done overnight at 50 or 587C
for aLis1 probe or b and g probes, respectively. The probe concentra- Nissl staining or ¯uorescence of Hoechst dye-stained nuclei. Silver
grains were visualized with dark®eld. Digital images (Figs. 3 and 5)tion was 0.09 or 0.24 ng/ml for aLis1 probe or b and g probes, respec-
tively. Posthybridization treatments were as follows: (1) one wash were captured using a video camera and Adobe Photoshop 3.5 soft-
ware on a Macintosh computer. Photographs (Figs. 2, 4, 6, and 7)in 50% formamide, 21 SSC, 20 mM b-mercaptoethanol (FSM) at
63.57C (aLis1) or 64.57C (b/g) for 30 min; (2) digestion with 10 mg/ml were taken on Kodak Royal Gold 25 ®lm.
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FIG. 3. Expression of the genes encoding aLis1, b, and g subunits during development. The colors represent signal from in situ hybridization
(red, aLis1 mRNA; green, b mRNA; yellow, g mRNA); gray represents the tissue visualized by Hoechst staining. (A±C) Sagital sections
through the head region of E10.5 embryos. All three genes are expressed in the neuroepithelium of rhombencephalon (rh), the cerebellar
analage (ca), the mesencephalon (m), and the telencephalon (t). Arrows point to regions of decreased gene expression (posterior tegmental
neuroepithelium, ptn; pontine neuroepithelium, pn). Expression is also detected in pharyngeal arches (e.g., mandibular component of the
®rst branchial arch, I) and the frontonasal mesenchyme (fmn). (D±F) Coronal sections through the neck of E16.5 embryos. Strong signal
is detected in the dorsal root ganglia (DRG). Scale bars, 500 mm (A±C); 100 mm (D ±F).
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Preparation of Cytosolic Fractions from The g subunit of mouse contains a glycine near the N-
terminus, a residue which is absent in the human andCerebellum and PAF-Acetylhydrolase Assay
bovine homologs. The highest sequence divergence
Cytosolic fractions were prepared as described byBlank et al. (1981).
among the three mammalian g proteins was found in theThe tissue was homogenized in homogenizing buffer (0.25 M sucrose,
C-terminus. We conclude that the interspecies conserva-10 mM Tris±HCl, pH 7.4, 1 mM EDTA) by using 25 strokes with a
tion of b and g subunits of PAF-AH is very high, whichglass pestle in a loose-®tting Dounce homogenizer. The homogenate
is reminiscent of the 99% identity of human, mouse, andwas centrifuged at 100,000g for 60 min. The supernatant containing
bovine aLis1 proteins (Peterfy et al., 1994; Hattori et al.,the cytosolic fraction was used in the PAF-acetylhydrolase assay. De-
termination of PAF-acetylhydrolase activity was carried out as de- 1994a; Reiner et al., 1995). Such a high degree of identity
scribed using tritiated PAF (Stafforini et al., 1990). Assays were carried suggests a conserved function. In addition, the high de-
out in polypropylene tubes in 0.1 M Hepes buffer (N-2-hydroxyethyl- gree of sequence conservation ensures that the amino acid
piperazine-N*-2-ethanesulfonic acid, pH 7.2) at 377C for 10±15 min side chains at the intermolecular contact surfaces of the
in a total volume of 50 ml. The reaction was prepared by mixing 400 proposed aLis1, b, and g heterotrimers are conserved.
nmol of PAF (Sigma, St. Louis, MO) with 4.5 mCi of [3H-acetyl]PAF
Mouse b and g subunits are 62% identical with highest(DuPont NEN, Wilmington, DE). Reactions were stopped by adding
conservation around the catalytic active Ser48 residue. In-50 ml of 10 M acetic acid followed by 1.5 ml of a 0.1 M sodium acetate
traspecies homologies in a similar range have also beensolution. [3H]Acetate generated by PAF hydrolysis was separated from
reported for bovineb and g subunits (Hattori et al., 1994b,substrate using disposable Sep-Pak octadecylsilica gel cartridges (Wa-
1995; Adachi et al., 1995). This intraspecies sequence ho-ters/Millipore, Milford, MA). After activation of the reversed-phase
cartridge with 5 ml of ethanol and 5 ml of water, the samples were mology suggests that the genes encoding b and g have
applied to the cartridges which were eluted twice with 1.5 ml of 0.1 arisen through gene duplication.
M sodium acetate. The eluates were collected into 20-ml scintillation
vials and the radioactivity was quantitated in a liquid scintillation
Gene Expression Analysis of aLis1, b, and gcounter.
Transcripts in the Developing and Adult
Nervous System
b Protein Expression
To localize aLis1, b, and g mRNAs, in situ hybridization
For expression in Sf 9 cells, the cDNA encoding the b subunit analyses were carried out using antisense riboprobes (see
was cloned into pVL1392. Viruses were generated using BaculoMax Materials and Methods). All three genes were expressed al-
as recommended by the supplier (Invitrogen, San Diego, CA). ready by the time of neurulation. Figures 2A to 2F show
Transfection was done using the lipofectin method. Transfected
sagital sections through E7.25 to E7.5 mouse embryos.cells were grown for 45 hr. Crude cell lysates containing b protein
mRNAs encoding the a, b, and g subunits are expressedwere prepared by lysing 1.5 1 108 cells in 15 ml lysis buffer (50
in all three germ layers with no obvious difference in levelsmM potassium phosphate buffer, pH 7, 1 mM dithiothreitol, 1 mM
of expression between the germ layers. By E10.5, the genesEDTA, 0.25 M sucrose) using a tight-®tting Potter±Elvehjem ho-
encoding aLis1, b, and g subunits are very abundantly ex-mogenizer. The lysate was centrifuged for 35 min at 100,000g and
the supernatant (cytosol) was decanted and stored at 0207C (Joshi pressed in the developing central and peripheral nervous
and Smith, 1993). The cytosolic fraction was diluted 30 times and systems. Major sites of expression included the neuroepi-
subjected to the PAF-acetylhydrolase assay described above; sub- thelium of the fore-, mid-, and hindbrain (Figs. 3A to 3C),
strate concentrations were varied between 4.5 and 225 mM and the spinal cord, and the dorsal root (Figs. 3D to 3F) and
the incubation time was 4 min. The KM was determined using cranial ganglia. Note that in the neuroepithelium of the
unweighted nonlinear least squares ®tting to the equation for a
brain, there are regions where gene expression is decreasedrectangular hyperbola (Bevington, 1969).
(arrows in Figs. 3B and 3C). The three genes were also ex-
pressed in the pharyngeal arches and the frontonasal mass
(Figs. 3A to 3C), tissues rich in neural crest-derived cells.RESULTS
In contrast, expression was relatively low in the rest of the
head mesenchyme.Isolation of cDNAs of b and g Subunits of PAF-AH
from Mouse
Forebrain, Hippocampus, and Olfactory BulbBased on nucleotide sequence conservation between bo-
vine and human b and g subunits of PAF-AH, we designed The genes encoding aLis1, b, and g were expressed
throughout development of the cerebral cortex in overlap-degenerate primers and isolated corresponding mouse
cDNAs as described under Materials and Methods. Amino ping patterns. By E15.5 transcripts of all three genes were
found throughout the cerebral wall, with little expressionacid sequence identity between the b subunits of mouse
and bovine is 98% (Fig. 1A), whereas sequence identities detectable in the molecular layer (Figs. 4A±4C). aLis1 and
b transcripts were present in the ventricular zone and inbetween the g subunits from mouse, bovine, and human
are 94 and 95% (Fig. 1B). Note that the sequences ¯anking the cortical plate as well as in the intermediate zone,
where silver grain density was slightly reduced, probablythe active Ser48 residue (arrows in Fig. 1) are identical.
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as a result of lower cell density (compare top and bottom b, and g genes (not shown). In the adult cerebellum, aLis1
and b but not g mRNAs were expressed in the Purkinjepanels in Figs. 4A and 4B). g transcripts were somewhat
more abundant in the cortical plate compared to the inter- cells and there was expression in the cell-dense internal
granular layer (Figs. 7A± 7C). Insets in Figs. 7A and 7Bmediate zone and the ventricular zone (Fig. 4C). By E18
and P5 coexpression of all three genes was similar to that illustrate that silver grains overlay the Purkinje cells, in-
dicating that these cells express the aLis1 and b genes. Inseen at E15.5, but at P10 g expression was markedly re-
duced (not shown). In the adult cortex, both aLis1 and b summary, the aLis1, b, and g genes were coexpressed dur-
ing cerebellar cortical development up to approximatelymRNAs were present in the cortex (Figs. 4D and 4E), but
the level of g expression in this tissue was at the limit P15. Thereafter, there was still coexpression of aLis1 and
b, while the g gene was down-regulated.of detection (Fig. 4F). Expression of aLis1 and b genes was
low in the white matter and the molecular layer. aLis1
(Reiner et al., 1995), b, and g transcripts were coexpressed
Expression of g mRNA and PAF-AH Activity Arethroughout the developing hippocampus (data not
Developmentally Coregulated in the Cerebellumshown). In contrast, CA2 and CA3 regions of the adult
hippocampus expressed predominantly aLis1 (Reiner et al., In the mouse, migration of granule cells takes place be-
tween P0 and P20 (Miale and Sidman, 1961; Hatten and1995) and b genes, while g gene expression was very low
(not shown). aLis1, b, and g mRNAs were detected in the Heintz, 1995). In situ hybridization analyses and Northern
blots demonstrated that the expression of the g gene beginsmitral cell layer and the granule cells of the developing
and adult olfactory bulb (Figs. 5A±5C). In summary, the to decline around P15 to reach low levels by P20 (Fig. 8A).
Thus, there is correlation between the developmental pro-aLis1, b, and g genes were coexpressed during development
of the cortical structures (cortex, hippocampus, and olfac- ®le of g gene expression and neuronal migration. Since the
g gene encodes a subunit that hydrolyzes PAF (Hattori et al.,tory bulb). In contrast, in adult brain, the g gene was
down-regulated in the cortex and hippocampus but ex- 1994b), we investigated whether PAF hydrolysis followed a
similar temporal pattern. PAF hydrolysis was measured inpression persisted in the olfactory bulb.
cytosolic fractions prepared from P0 to P25 and adult cere-
bellum. The resulting activity pro®le is shown in Fig. 8B.
Cerebellum Initially PAF hydrolysis increased until about P16 and then
decreased to reach, by P25, activity levels seen in the adultWe have previously shown that aLis1 transcripts are
present in the developing cerebellum (Reiner et al., 1995). cerebellum. PAF hydrolysis in adult tissue is approximately
half of that seen between P5 and P16. Thus, g mRNA levelsNorthern analysis demonstrated that aLis1 and b mRNAs
are present throughout cerebellar development as well as and PAF hydrolysis correlate with granule cell migration.
While this migration takes place, PAF hydrolysis is high,in the adult cerebellum (Fig. 8A). There was one major
aLis1 transcript of 8 kb in size which was also present in but once cell migration ceases, hydrolysis declines. Note
that adult cerebellar tissue still hydrolyzes PAF, presum-other tissues (Reiner et al., 1995). The b gene gave rise
to strong bands corresponding to 1.5, 4.3, and 5.5 kb and ably as a result of enzymatic activity present in the b sub-
unit (see below).two weaker bands corresponding to transcripts of 3 and
7.5 kb in size. The g gene produced a single transcript
(1.1 kb) and was expressed during the initial stages of
b Subunit of PAF-AH Hydrolyzes PAFcerebellar development but by P10, the abundance of g
mRNA began to decline and expression was very low in Figure 8B shows a considerable amount of PAF hydroly-
sis in the adult tissue, despite the low expression of the gthe adult cerebellum. The spatial pattern of expression of
aLis1, b, and g mRNAs was determined by in situ hybrid- gene (Fig. 8A). This activity could be due to the b-subunit,
which exhibits signi®cant sequence similarity with theization. Expression was detected in the cerebellar epithe-
lium at E10.5 (Figs. 3B and 3C). At E16, the distribution g subunit and contains a Gly-Xaa-Ser sequence, a motif
found in the catalytic site of serine esterases (Brenner,of the three transcripts was essentially uniform through-
out the cerebellar plate (not shown). By P5, a time of ex- 1988; Hattori et al., 1994b). Since diisopropyl ¯uoro-
phosphate (DFP), an inhibitor of PAF-AH, labels the Ser48tensive granule cell migration, all three genes were ex-
pressed in the external granular layer, the molecular of the g subunit but not of the b subunit, the enzymatic
activity was thought to reside in the g subunit (Hattorilayer, and the emerging internal granular layer (Figs. 6B,
6D, and 6E). To illustrate this point, Fig. 6C shows aLis1 et al., 1994b; however, see Hattori et al., 1995). To test
whether the b subunit can hydrolyze PAF, the b cDNAexpression in the developing P5 cerebellar cortex at a
higher magni®cation. Note the silver grains in the molec- was expressed in Sf 9 cells to generate b protein. Cytosolic
cell extracts were prepared from such cells and fromular layer which contains migrating granule neurons and
differentiating Purkinje cells. By P10, the external granu- mock-transfected cells, and PAF hydrolysis was mea-
sured. At all concentrations examined (4.5 to 225 mM),lar layer, the prominently visible internal granular layer,
and the Purkinje cell layer displayed coexpression of aLis1, PAF hydrolysis in cells expressing b protein was at least
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FIG. 4. Expression of the genes encoding aLis1, b, and g subunits (left to right) in the developing and adult cerebral cortex. (A±C) Coronal
sections through the left ventricle of a E15.5 mouse forebrain. The top row shows Hoechst-stained sections revealing the nuclei and
illustrating cell density. The bottom row shows silver grains representing the level of expression, and the row in the center is a combination
of the two sets of data. Expression is high in the cortical plate (cp) and the ventricular zone (v), lower in the intermediate zone (i), and at
the limit of detection in the molecular layer (m). (D±F) Adjacent horizontal sections of the adult cerebral cortex (c). In the case of aLis1
(D) and b (E) genes, the hybridization signal is prominent in the cortical layers but is low in the molecular layer and the white matter
(w). The g gene (F) is only weakly expressed in the cortex. Scale bar, 500 mm.
FIG. 5. Expression of the genes encoding aLis1, b, and g subunits in the olfactory bulb of the newborn mouse. Coronal sections are shown.
The colors represent signal from in situ hybridization (red, aLis1; green, b; yellow, g); gray represents the tissue visualized by Hoechst
staining. Note expression in the mitral cell layer (ml) and the granule cells (gc). Scale bar, 500 mm.
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FIG. 6. Expression of the genes encoding aLis1, b, and g subunits in the P5 cerebellum. Coronal sections are shown. Expression is seen
in the external granular layer (EGL), the internal granular layer (IGL), and the Purkinje cell layer (pl). (A, B) The Hoechst-stained section
shown in A is rephotographed in B, where silver grains resulting from hybridization with aLis1 antisense riboprobe are also shown. C is
an enlargement of a the region marked in B; the section was restained with toluidine blue and was photographed in bright ®eld. Note
silver grains over Purkinje cell precursors (arrowheads) and migrating granule cells (arrow). (D, E) Hybridization with antisense riboprobe
corresponding to the b gene (D) and g gene (E). The expression patterns are similar to the one of the aLis1 gene shown in B. Scale bar in
A, B, D, and E, 500 mm. Scale bar in C, 100 mm.
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four times higher than in control extracts. We determined in the adult. In contrast, aLis1 and b genes are expressed
throughout the developing and adult cortex and hippo-the apparent KM of the b protein by measuring rates of
PAF hydrolysis in cytosolic extracts of Sf 9 cells (Fig. 9). campus. A notable exception of this developmental regu-
lation of expression of the g gene is found in the olfactoryAn apparent KM of 4.7 { 1.9 mM was found, similar to
that of the heterotrimeric PAF-AH complex (Hattori et bulb. In this organ, g transcripts are present during devel-
opment but thereafter are also found in the mitral cellal., 1995). We conclude that the PAF hydrolysis in adult
cerebellum (Fig. 8B) is likely to be catalyzed by the b layer and the granule cell neurons of the adult bulb. As a
general rule, it seems that in developing brain tissues allsubunit, although we cannot rule out the possibility that
other PAF acetylhydrolase isozymes (Hattori et al., 1993) three genes are coexpressed, suggesting that aLis1, b, and
g subunits form a heterotrimeric complex. With excep-also contribute to PAF hydrolysis in the cerebellum.
tion of the olfactory bulb, adult neuronal tissues express
mainly the genes encoding the aLis1 and b subunits. Thus,
in these tissues aLis1 and b heterodimers would prevail.DISCUSSION
Recent crosslinking experiments suggest that the b sub-
unit interacts with aLis1 through the g polypeptide (Hat-A hemizygous deletion of LIS1, the gene encoding aLis1
protein, results in MDS, characterized by a defect in neu- tori et al., 1995). Accordingly, the selective down-regula-
tion of the g gene may abolish the interaction betweenronal migration and lissencephaly (Reiner et al., 1993;
Dobyns, 1987). aLis1 protein belongs to the family of WD- aLis1 and b subunits as well.
The role of aLis1 in the heterotrimeric complex is cur-40-repeat-containing polypeptides that are typically
found as subunits in heteromeric protein complexes (Neer rently unknown. PAF acetylhydrolase activity resides in the
b and g subunits and is involved in regulating cellular PAFet al., 1994). aLis1 conforms with the general idea since it
copuri®es with two other polypeptides that are referred concentration. Both subunits can hydrolyze PAF, but it
should be noted that at least in vitro, this reaction can taketo as b and g proteins (Hattori et al., 1994a). Both b and
g are enzymes that hydrolyze platelet-activating factor place even in the absence of aLis1 (Hattori et al., 1994b, 1995;
this study). In other words, aLis1 is not required for PAF(Hattori et al., 1994b, 1995; this study). We have pre-
viously shown that aLis1 transcripts are found in regions hydrolysis. One possible role for aLis1 could be that this
subunit localizes the b and g subunits to the plasma mem-containing migrating neurons (Reiner et al., 1995). Since
copuri®cation (Hattori et al., 1994a) and crosslinking ex- brane. PAF is stored in the plasma membrane (Vallari et al.,
1990) and proximity of this membrane-associated PAF poolperiments (Hattori et al., 1995) indicate that aLis1, b, and
g subunits can form a heterotrimeric complex, we have and the hydrolytic subunits would provide a means to effec-
tively regulate cellular PAF levels. In addition to its interac-investigated whether the corresponding genes are coex-
pressed. We show by in situ hybridization that this is tion with the b and g subunits, aLis1 could interact with
other proteins. For example, aLis1 was shown to associatethe case during neurogenesis and during postnatal CNS
development but not in the adult brain, where the g gene in vitro with b-spectrin, a cytoskeletal protein containing
a PH domain (Wang et al., 1995).is down-regulated in most tissues. Transcripts encoding
all three subunits are observed by the time of neurulation. MDS is thought to be a neuronal migration defect (see
Introduction) and this would implicate aLis and the associ-Assuming that transcript distribution also re¯ects pro-
tein distribution, aLis1, b, and g subunits would be coex- ated b and g subunits in neuronal migration. On the whole,
our expression data are consistent with this view. First,pressed, lending support to the hypothesis that these
three subunits form a heterotrimeric complex in vivo. aLis1, b, and g genes are expressed in regions containing
migrating neurons. Second, there is a correlation betweenThus, our ®ndings argue against the suggestion that sub-
unit interactions detected in copuri®cation experiments g gene expression and neuronal migration. Speci®cally, the
g mRNA is down-regulated in the cerebral cortex between(Hattori et al., 1994a) are nonspeci®c (Stafforini et al.,
1996). P5 and P10 and in the cerebellum between P15 and P20 and
thus the expression pro®le parallels the end of neuronalOur studies establish that the expression of the g gene
is developmentally regulated in most regions of the brain. migration in these two tissues. Third, we demonstrate that
in the cerebellum there is a direct correlation between PAFIn the developing cerebellum this gene is highly expressed
in the external and internal granular layers and in the hydrolytic activity and neuronal migration, implicating
PAF in this process. In the mouse cerebellum neuronal mi-Purkinje cell layer but in the adult cerebellum, g gene
expression is down-regulated in all three regions. The aLis1 gration is most intense between P0 and P20 and rapidly
declines thereafter (Miale and Sidman, 1961). Our measure-and b genes are also expressed in these tissues but unlike
the g gene, aLis1 and b gene expression persists in the ments of PAF-AH activity over the same period shows a
peak of activity between P5 and P16, followed by a signi®-Purkinje cells and in the internal granular layer of the
adult brain. In the cortex and hippocampus, the g gene is cant decline. Fourth, we noted a persistence of aLis1, b, and
g gene expression in the adult olfactory bulb. It has beenhighly expressed during development but expression is
markedly reduced by Postnatal Day 10 and is very low shown that the adult olfactory bulb contains neurons that
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FIG. 8. Northern blot analysis and PAF-AH activity in postnatal developing cerebellum. (A) Northern blot. Poly(A)/ RNA (2 mg) was
hybridized to probes for aLis1, b, g, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The abundance of the g transcript begins
to decrease at Postnatal Day 10 (P10), whereas aLis1 and b mRNA levels remained almost unchanged. The GAPDH signal indicates that
equal amounts of mRNA were applied to each lane. (B) PAF-AH activity in the cytosol expressed in nanomoles of PAF hydrolyzed per
minute per milligram of protein. Vertical bars indicate standard deviations obtained from six to nine measurements.
migrate from the subventricular zone of the forebrain into similar fashion in the brain by controlling the adhesion
properties of migrating neurons directly or indirectly.the bulb (Lois and Alvarez-Buylla, 1994). In addition, axons
of olfactory neurons regenerate throughout life (Monti- PAF could also in¯uence cell migration by affecting cell
morphology. A paradigm for how PAF could exert suchGraziadei and Graziadei, 1979). This requires that olfactory
axons grow into the olfactory bulb, a process that may be morphologic effects is provided by lysophosphatidic acid
(LPA), a phospholipid, which induces stress ®bers andrelated to neuronal migration.
An open question is how PAF and PAF hydrolysis could focal adhesion plaques in ®broblasts and neuronal-like
cells (Cant and Stowers, 1995; Ridley and Hall, 1992;be involved in neuronal migration. In the case of leuko-
cyte activation, membrane-bound PAF is thought to act Nobes and Hall, 1995; Jalink et al., 1993, 1994). We have
found that both PAF and LPA evoke a retraction of pro-in a juxtacrine fashion (reviewed in Lorant et al., 1995).
Speci®cally, PAF present on the extracellular side of an cesses of neonatal primary cortical neurons (R. A-I. and
G.E., unpublished data). Clark et al. (1995) found thatendothelial cell is thought to bind to a PAF receptor lo-
cated in the membrane of the leukocyte that associates PAF induces growth cone collapse in P7 hippocampal
neurons. They argue that attachment of migrating neu-with the endothelial cell. PAF receptor activation in-
duces a functional upregulation of aLb2 integrin (Buyon rons to radial glial ®bers may be adversely affected by
PAF since such neurons attach to the radial glia by struc-et al., 1990) which is thought to change the adhesion
behavior of the leukocyte, and as a result leukocytes can tures related to those on growth cones. Whether cell mi-
gration and growth cone extension share a commonmigrate through the endothelium. PAF could act in a
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